Abstract Multilayered graphene membranes (MGMs) with different packing densities were prepared and used as electrodes for supercapacitors to probe nano-confined electrosorption in porous carbon materials. The electrosorption capacity of MGMs was measured against an increasing operation rate in a series of aqueous solutions of monovalent ions. The nanoconfinement effect was found prominent when the microscopic pore structure of the MGMs was controlled to be comparable to the size of hydrated ions being tested. The electrosorption capacity was found highly dependent on the type of ions. This study highlights the great potential of using easily available and structurally tunable graphene membranes as a model system to investigate fundamental problems relating to energy storage, membrane separation and nanofluidics.
Introduction
Graphene, a single layer of graphite, has become an attractive nano-building block for assembling bulk carbonaceous materials with defined microscopic structures [1, 2] . Among various methods for controlled assembly of graphene such as solvent evaporation [3] , interfacial Langmuir-Blodgett compression [4] and template-molded growth [5] direct-flow filtration [6] has been mostly used to fabricate freestanding graphene bulk films as this technique is simple, well-established and capable of being directly integrated into scale-up production. We have previously demonstrated that chemically converted graphene (CCG) can readily form a bulk multilayered membrane via filtration. As a result of corrugated graphene sheets stacking onto one another, the resulting film has a porous lamellar microstructure [7] (Fig. 1 ). Our previous research has shown that the performance of CCG membrane-based supercapacitors is strongly dependent on the packing density of CCG sheets [8] .
In this letter, we use multilayered graphene membranes (MGMs) with varied packing densities as model electrodes to study the electrosorption behavior of different ions.
Electrosorption is a fundamental process that is involved in many electrochemical and biological systems [9] . In particular, the manner that aqueous ions being adsorbed or passed through a nanoporous matrix has recently become center of research across a wide range of areas such as energy storage [10] , water purification [11] and trans-membrane signal transmission [12] . Electrochemical capacitor (or supercapacitor) is probably one of the applications that directly involve nano-confined electrosorption. As a potential applied across an electrode material, generally a nanoporous carbon film, the ions migrate and end up being adsorbed on the electrode/electrolyte interface. The energy is then stored in the electrical double layer, whose formation and decomposition in the end is a process associated with nanoconfined ion adsorption and transport, which is directly dependent on the nanostructure of electrodes [13] [14] [15] [16] . Tremendous research on supercapacitors has established a profound understanding on the relationship between ion transport and nano-confinement [17] . This has laid a solid experimental foundation to use the methodology of evaluating the performance of a supercapacitor in return as a characterization technique to probe the ionic transport process within nanoporous structures. In this letter, we study the ion adsorption and transport property in the nano-confined multilayered graphene membrane by evaluating the influence of different ions on the performance of supercapacitors. In this demonstration, two types of membranes, denoted as MGMG 1.67 and MGM 0.069 , respectively, were used as the experimental model to perform electrosorption. They share the same chemical composition but differ in packing density (0.069 g cm À3 for MGM 0.069 and 1.67 g cm À3 for MGM 1.67 , see Methods for detailed calculations). On the basis of the packing density, the average intersheet spacing between graphene sheets was estimated to be 0.45 nm for MGM 1.67 and 10.9 nm for MGM 0.069 .
Methods

Fabrication of CCG dispersions
The CCG dispersions were synthesized through chemical conversion of graphene oxide (GO) using a similar procedure we have reported previously [6] . In a typical procedure, 50 mL of GO (0.05 wt%) solution was mixed with 100 mL of hydrazine solution (35 wt% in water, Aldrich) and 175 mL of ammonia solution (28 wt% in water, Crown Scientific) in a glass vial. After being vigorously shaken or stirred for about 2 min, the dispersions were then transferred into 60 mL Teflon-lined stainless steel autoclaves and heated to desired temperatures for 3 h.
Fabrication of multilayered graphene membrane
The multilayered graphene membranes were prepared by vacuum filtration of CCG dispersion [6] . To make all the data comparable, the amount of CCG in all the MGM samples was controlled to be 0.45 mg cm
À2
, which can be easily achieved through filtrating the same volume of CCG dispersions with a fixed concentration. The as-prepared dispersion was filtrated through a mixed cellulose esters filter membrane (0.05 mm pore size, Millipore). The freestanding MGMs were then peeled off and rinsed three times in deionized water. The packing density was tuned by controlling the corresponding hydrated states: MGM 0.069 was fully hydrated, containing nearly 92 wt% water, while MGM 1.67 was dried in oven overnight at 501 C [8] .
Determination of the packing density and the estimated intersheet spacing of MGMs
The packing densities of MGMs were determined by dividing the mass of CCG in MGMs per unit area (0.45 mg cm
À2
) by the corresponding thickness. The thicknesses of MGM 0.069 and MGM 1.67 were measured to be 65.2 mm and 2.69 mm therefore the packing densities of these two categories of MGMs were 0.069 and 1.67 g cm À3 , respectively. It is known that the areal density of graphene is 0.77 mg m
. As mentioned, the amount of CCG in the MGMs was controlled to be 0.45 mg cm
. By assuming that all MGMs are made of layered CCG sheets with the same lateral size and the thicknesses of MGMs are known, the average interlayer spacing can therein Fig. 1 (A) Scheme of fabrication and (B) SEM image of multilayered graphene membrane (MGM 1.67 ). The scale bar is 1 mm. be estimated to be 0.45 nm and 10.9 nm for MGM 0.069 and MGM 1.67 , respectively.
Electrochemical characterization
Cyclic voltammetry of MGMs was performed in a threeelectrode electrochemical cell. A MGM film was attached to a Pt foil to act as the working electrode. The working electrode, together with a Pt mesh and a Hg/Hg 2 Cl 2 reference electrode was then connected to a VMP2/Z multichannel potentiostat/ galvanostat (Princeton Applied Research). The distance between the working and counter electrode was fixed to 3 mm, and the area of all texted MGMs exposed to electrolyte was fixed to 26 mm 2 . The electrosorption capacity was calculated according to
where S is the area of cyclic voltammetry loop; m is the mass of MGM; v is the scan rate and DV is the potential window.
To ensure good comparability of parallel experiments, the amount of CCG sheets in all MGMs was controlled to be 0.45 mg cm
À2
, which could be simply achieved through filtrating fixed volume of CCG dispersion. In order to ensure that all the electrodes were negatively polarized throughout the measured potential window, the point of zero charge location (PZC) for each reference electrode/electrolyte/electrode material was measured prior to testing, and electrosorption experiments were then carried out with a chosen potential range below the respective PZC. Specifically, the scan potential window for salts (LiCl, NaCl, KCl and CsCl) was set from À0.4 V to 0 V, for HCl from À0.2 V to 0.2 V vs SCE so as to avoid possible faradic reactions across the graphene/electrolyte interface.
Results and discussions
We began our experiment by investigating the ion adsorption and transport property of a series of monovalent metal ions with a sequence of hydrated diameter as Li þ (0.6 nm)4Na
25 nm) in a three-electrode electrochemical cell [18] . Understandably, since MGM 0.069 has an open pore structure, the nano-confinement effect, if there was any, should not be a dominant factor that hinders the transport and adsorption of these cations. Indeed, as shown in Fig. 2 , the capacitance values of LiCl, NaCl, KCl, CsCl are 240, 245, 234 and 242 F g À1 , respectively, which are very close to each other. However, as the nano-confinement was enhanced to an extent where MGM 1.67 with an estimated pore size around 0.45 nm was used, the difference in terms of hydrated diameter was then able to be revealed and partitioned into two groups that are below and above the threshold pore size (Fig. 2B) . K þ and Cs þ are assigned to one group as their hydrated diameter are small than 0.45 nm, which allows them to penetrate into MGM 1.67 without dehydration, manifesting themselves in highly symmetric CV plots; whilst cations (Li þ and Na þ ) with larger hydrated diameters encounter hindrance and need to be partially dehydrated as they are going through and adsorbed in the nanoporous matrix of MGM 1.67 , which can be clearly recognized from their distorted CV profiles. The specific capacitances of MGM 1.67 measured in LiCl, NaCl, KCl and CsCl are calculated to be 145, 171, 188 and 182 F g À1 , respectively. The sequence is in accordance with that of size of hydrated ions. Clearly seen is that the pore structure directly affects ion adsorption, making MGM 1.67 a material capable of partitioning monovalent ions with different hydrated diameter.
In theory, electrosorption capacity measured at a scan rate slow enough (e.g. 2 mV s À1 ) which allows the whole charging/ discharging process to be regarded as reversible presents the thermodynamic property of ion adsorption, and the capacitance recorded under such a reversible process is proportional to the accessible surface area of the porous structure being tested. However, as the measurement is carried out at an increasing scan rate, the kinetics of ion transport starts kicking in and ultimately becomes a dominate factor that affects electrosorption capacity [19] . A strong effect of nanoconfinement exerted by MGM 1.67 can be readily revealed by the quicker capacitance loss against an increase in electrosorption operation rate than that for MGM 0.069 (Fig. 3) . Specifically, the electrosorption capacity of MGM 1.67 at a scan rate of 10 mV s À1 was 69 F g À1 when measured in LiCl, and this value was only 47% of that obtained at 2 mV s À1 . Whilst in the same electrosorption condition, MGM 0.069 lost only 22% of the electrosorption capacity at an elevated scan rate. In general, the capacitance loss against the increase of scan rate for MGM 1, 67 is greater than that for MGM 0.069 , with NaCl, KCl, CsCl of 38%, 25% and 25% for MGM 1,67 against 15%, 10% and 22% for MGM 0.069 , respectively. This indicates that the effect of nano-confinement on electrosorption can be ''amplified'' by elevating the operation rate. Clearly seen from the results above is that not only the level of nano-confinement affects the electrosorption behavior of one type of ions but also the ion type itself, though the cations chosen in our study were monovalent, diverges in hydrated radius [20] and transport number [21] that also greatly influences electrosorption even under the same level of nanoconfinement. In contrast to all the monovalent ions discussed above, proton has been reported to behave uniquely in terms of its transport mechanism and dynamic bonding structures in aqueous medium [22] [23] [24] . For this reason, we were particularly curious to see how proton behaves when it is dynamically electro-adsorbed and transported in MGMs. As illustrated in Fig. 4A , when LiCl is used as the electrolyte, MGM 0.069 and MGM 1.67 show huge difference in their electrosorption capacities with a specific capacitance of 242 F g À1 and 145 F g À1 , respectively. However, this difference is barely observable when HCl is used as ion source for electrosorption. As shown in Fig. 4B , the specific capacitance of MGM 0.069 and MGM 1.67 is 357 F g À1 and 341 F g
À1
, respectively. Clearly, the accessible surface area of a nanostructured graphene membrane varies in accordance with the ions being tested. Even though MGM 0.069 has a packing density that is over 20 times less than that of MGM 1.67 . This abnormality can be attributed to the unique structural diffusion mechanism of proton in aqueous solution. Computational modeling has revealed the EDL structure in aqueous solution where a layer of water molecules is first tightly packed along the interface [25, 26] , and only protons are able to overcome this water barrier in an associated form of H 3 O þ , shortening the distance between the center of charge carrier and electrode surface which explains its exceptional electrosorption capacity.
Conclusions
Multilayered graphene membranes have been used as an experiment platform to probe the ion adsorption and transport in nano-confined space through a method that has been widely applied for evaluation of supercapacitors. Monovalent ions with various hydrated diameter could be partitioned through an enhanced nano-confinement. Through the comparative study of the electrosorption capacity of various aqueous ions, we have illustrated that the dependence of electrosorption behavior on level of nano-confinement and ion type. We believe that further experimental research and computer modeling on the mechanism of this dependence would deepen our understanding in some frontier research areas such as membrane-based nanofluidic devices and contribute to technologically important applications in energy storage and nanofiltration.
